The anterior nares are a primary ecologic niche for Staphylococcus aureus, and nasal colonization by this opportunistic pathogen increases the risk of development of S. aureus infection. Clearance of S. aureus nasal colonization greatly reduces this risk. Mupirocin ointment is the current standard of care for clearance of S. aureus nasal colonization, but resistance to this antibiotic is emerging. Lysostaphin is a glycylglycine endopeptidase which specifically cleaves the cross-linking pentaglycine bridges in the cell walls of staphylococci. Lysostaphin is extremely staphylocidal (MIC at which 90% of isolates are inhibited, 0.001 to 0.064 g/ml) and rapidly lyses both actively growing and quiescent S. aureus. This study demonstrates that a single application of 0.5% lysostaphin (actual dose, ϳ150 g of lysostaphin), formulated in a petrolatum-based cream, dramatically reduces S. aureus nasal colonization in 100% of animals tested and eradicates S. aureus nasal colonization in 93% of animals in a cotton rat model. A single dose of lysostaphin cream is more effective than a single dose of mupirocin ointment in eradicating S. aureus nasal colonization in this animal model. The lantibiotic peptide nisin, which has potent in vitro antistaphylococcal activity, was ineffective in reducing staphylococcal nasal carriage in this model. Nasal colonization was not reduced after three treatments with 5% nisin (ϳ1,500 g/dose) in any of the treated animals. Lysostaphin formulated in cream may prove to be a superior alternative to mupirocin ointment for clearance of S. aureus nasal colonization.
Staphylococcus aureus infection remains one of the most common nosocomial and community-acquired infections (1) . With the continuing emergence of methicillin-resistant S. aureus (MRSA) (22) and strains of S. aureus that are intermediately resistant to glycopeptides (45) and the isolation of the first clinical strain of S. aureus that is fully vancomycin resistant (5), S. aureus is becoming an even more difficult health problem to address, particularly in settings such as hospitals and nursing homes.
The anterior nares of humans are a principal ecologic niche for both methicillin-sensitive S. aureus (MSSA) and MRSA (17, 26, 28, 51) . Indeed, nasal carriage of S. aureus has been repeatedly shown to have a significant epidemiological link with subsequent development of staphylococcal disease, particularly for those requiring major surgery, implanted devices, hemodialysis, or treatment in intensive care units (6, 7, 18, 33, 37, 49, 53) . In healthy humans there appear to be three patterns of S. aureus nasal carriage: noncarriers, intermittent carriers, and chronic carriers. One study (26) estimates the distribution of these carriers to be 20, 60, and 20%, respectively. This suggests that a significant portion of the population is at risk for development of staphylococcal disease linked to nasal carriage of S. aureus. People at greatest risk include those with diminished immunity and those with other chronic diseases (26) .
Studies suggest that clearance of S. aureus nasal colonization can reduce the subsequent risk of developing S. aureus infections (27, 52, 53) and also reduce the community spread of drug-resistant S. aureus (28) . In one striking example (52) , the use of mupirocin ointment reduced the postoperative staphylococcal infection rate of patients undergoing upper gastrointestinal surgery from 11.7% in the control group to 0.71% in the intervention group (P Ͻ 0.001). In a recent study (39) , prophylactic intranasal mupirocin significantly decreased the rate of all nosocomial S. aureus infections among patients who were S. aureus carriers. Currently, Bactroban Nasal (2% mupirocin calcium ointment; SmithKline Beecham, Bristol, Tenn.) is the most widely prescribed and effective antibacterial agent for eradication of S. aureus nasal colonization (15, 27, 31, 46) . Unfortunately, as with many antimicrobials, mupirocin resistance is emerging in S. aureus (8, 11, 13, 29, 30, 50) . Furthermore, multiple applications of mupirocin are required to effect a significant reduction of nasal colonization, thus precluding its use in patients requiring rapid clearance for emergency surgical procedures. Several other interventions for the clearance of S. aureus nasal carriage have also been explored, including Neosporin ointment and Polysporin ointment (19) , bacitracin (46) , and other antibiotics (26, 53) . These alternative interventions have proven unreliable for eradication of nasal colonization by S. aureus. New interventions for S. aureus nasal colonization are clearly needed.
Lysostaphin is an antibacterial enzyme first identified in Staphylococcus simulans (formerly known as Staphylococcus staphylolyticus) in 1964 (44) . Lysostaphin is a glycylglycine endopeptidase capable of specifically cleaving the cross-linking pentaglycine bridges in the cell walls of staphylococci (4) . Since the cell wall bridges of S. aureus contain a high proportion of pentaglycine, lysostaphin is highly effective in lysing both actively growing and quiescent S. aureus cells. Lysostaphin activity against other species of staphylococci has also been demonstrated (54) . Three studies from the late 1960s and early 1970s (21, 32, 42) examined the use of lysostaphin to clear S. aureus nasal colonization. These studies found that repeated application of lysostaphin (three or four times per day for 5 to 14 days) administered in saline could reduce or eliminate S. aureus nasal colonization. Eradication of S. aureus lasted for various lengths of time after the termination of treatment, although most patients eventually became recolonized with S. aureus. When those studies were conducted, however, recombinant lysostaphin was not available and manufacture of consistent lots of purified natural lysostaphin was difficult to achieve. No further work using lysostaphin to clear nasal colonization was reported for almost 30 years. Recently, recombinant lysostaphin has become available (43) , and studies investigating lysostaphin as a therapy for S. aureus disease have reemerged in the literature (9, 10, 12, 38, 40) .
To test the efficacy of lysostaphin for clearance of nasal carriage of S. aureus, we sought to reproduce an existing mouse model (25) . This model, however, was not adequate in that we could not achieve consistently high levels of staphylococcal nasal colonization in mice. We therefore have developed an alternative animal model using the cotton rat (Sigmodon hispidus), which has been studied previously as a model for respiratory pathogens (41) . The cotton rat model demonstrates consistent and persistent high-level nasal colonization by S. aureus. The capacities of three antibacterial agents, lysostaphin, mupirocin, and nisin, a lantibiotic with potent in vitro antistaphylococcal activity (23) , to clear S. aureus nasal colonization have been studied in this model. A single application of 0.5% lysostaphin in a petrolatum-based cream consistently eradicated S. aureus nasal colonization by both MSSA and MRSA in the cotton rat nasal colonization model, while nisin cream did not clear nasal colonization. These animal studies also suggest that lysostaphin formulated in cream may be a superior alternative to the currently available mupirocin ointment for clearance of S. aureus nasal colonization.
MATERIALS AND METHODS

Materials.
Purified lysostaphin and nisin were purchased from Nutrition 21 Inc. (formerly AMBI Inc.; Purchase, N.Y.) or were produced by Biosynexus Inc. (Gaithersburg, Md.). Bactroban Nasal (2% mupirocin calcium ointment; a commercially available form of mupirocin) is produced by SmithKline Beecham and was purchased from a local pharmacy.
S. aureus strains. Several S. aureus strains were used in these studies. These strains are listed in Table 1 . Stocks were maintained frozen at Ϫ80°C in tryptic soy broth (Becton Dickinson [BD], Sparks, Md.) before use in the nasal colonization model. Strain SA 3865 MupR contains a conjugative mupirocin resistance plasmid (34) . The identities of fresh clinical isolates MBT 5040 and MRSA 12/12 were confirmed by the API STAPH identification system (bioMerieux, Lombard, Ill.). S. aureus strain Newman was one of the strains used in the mouse model of nasal colonization (25) . Lysostaphin and nisin MICs were determined in accordance with NCCLS guidelines (36) for broth microdilution susceptibility testing methods with the following modifications: 0.1% bovine serum albumin was added to the media of the lysostaphin MICs to reduce nonspecific adherence to plastic (10), while 0.1% Tween 80 was added to the media of the nisin MICs for the same reason. Since mupirocin is not commercially available as a purified antibiotic, MIC testing with this drug was not conducted.
Cotton rat nasal colonization model. The cotton rat nasal colonization model is an adaptation of the mouse nasal colonization model described by Kiser et al. (25) . Briefly, various strains of S. aureus were grown overnight on Columbia agar (BD) supplemented with 2% NaCl (Sigma, St. Louis, Mo.) to induce capsule formation, which may enhance nasal colonization (25) . Plate-grown bacteria were washed by suspension in phosphate-buffered saline (PBS; BioWhittaker) so that the percent transmittance of the suspension at 650 nM was 10% in a 10-mm path length. This percent transmittance is equivalent to ϳ10 9 CFU/ml. A volume of suspended bacteria equivalent to 10 9 CFU per animal to be instilled was pelleted by centrifugation and then resuspended in 10 l of PBS per animal to be instilled. Six-week-old female cotton rats (Sigmodon hispidus; bred at the Biosynexus Inc. breeding facility; U.S. Department of Agriculture certificate 51-R-0075) or 6-week-old female ICR mice (Harlan, Indianapolis, Ind.) were anesthetized with a combination of xylazine hydrochloride (Rompun), acepromazine maleate, and ketamine (2.5, 2.5, and 25 mg/kg of body weight, respectively) or Rompun (16 mg/kg) and ketamine (85 mg/kg), respectively. A 10-l aliquot of resuspended S. aureus (ϳ10 9 CFU) was intranasally instilled in a dropwise fashion distributed equally in each nostril of the anesthetized animals.
Four to five days after nasal instillation of S. aureus, intranasal treatments were initiated if appropriate. These treatments, administered to anaesthetized cotton rats, included once-a-day treatment for 1 to 3 days with various concentrations of lysostaphin or other antibacterials in either PBS (10 l) or a petrolatum-based cream (ϳ30 l/nose) of the following composition: MIGLYOL 812 N EP (caprylic/capric triglyceride; Sasol, Witten, Germany), 36.0% (wt/wt); SOFTISAN 649 (bis-diglyceryl polyacyladipate-2; Sasol), 24.2% (wt/wt); white petrolatum, USP (Ultra Chemical Inc., Red Bank, N.J.), 27.5% (wt/wt); paraffin, USP (Sigma), 3.4% (wt/wt); white bleached beeswax, USP (Kosterkeunen, Watertown, Conn.), 3.4% (wt/wt); zinc stearate, USP (Sigma), 0.5% (wt/wt); aqueous solution of lysostaphin (Nutrition 21 or Biosynexus, Inc.), 5.0% (wt/wt). Mupirocin was available only as a commercial formulation (Bactroban Nasal); the 2% ointment used in these studies was used as provided by the manufacturer. Cream formulations were administered to anaesthetized cotton rats with a 1-ml syringe fitted with a flexible 23-gauge Angiocath (BD). The catheter was inserted 2 to 3 mm into each naris and then drawn back slowly as the cream was injected into the naris. The nose of the animal was massaged well to ensure even distribution of Four or 24 h or up to 7 days after nasal instillation of the final treatment, animals were sacrificed, the nose area was cleansed thoroughly with a sterile 70% ethanol wipe to eliminate external skin colonization by S. aureus, and the noses were surgically removed. The nostrils were bisected with scissors, and then the excised nose was placed in 500 l of PBS containing 0.5% Tween 20 (Sigma) to aid in the release of colonizing bacteria. In experiments to neutralize any residual lysostaphin activity remaining in noses at the time of sacrifice, bisected noses were placed in 500 l of PBS plus Tween 20 and 10 mg of proteinase K (Sigma)/ml. The noses were vortexed vigorously three times for 20 s each to release colonizing bacteria, and 50 to 100 l of supernatant was plated on blood agar (Remel, Lenexa, Kans.) or tryptic soy agar (TSA; BD) supplemented with 7.5% NaCl to inhibit growth of nonstaphylococcal bacteria normally found in cotton rat noses. Since cotton rat noses were also colonized by naturally occurring coagulase-negative staphylococci (CoNS) which were not inhibited by agar containing 7.5% NaCl, an antibiotic (streptomycin at 500 g/ml or nafcillin at 10 g/ml; Sigma) was added to the TSA-NaCl in some experiments to aid in isolation of any antibiotic-resistant strain of S. aureus instilled in a particular experiment. In experiments using MRSA treated with lysostaphin, supernatants were also plated on TSA-NaCl without antibiotics to ensure that any S. aureus that became lysostaphin resistant and consequentially reverted to a methicillin sensitive phenotype (9) was not missed. TSA plates supplemented with NaCl were incubated for 48 h at 37°C to allow S. aureus colonies to grow to a size where they could be accurately counted.
To enumerate nasal colonization by MSSA instilled in cotton rat noses in some experiments and to differentiate these S. aureus strains from indigenous CoNS naturally found in cotton rat noses, a subtractive technique was used. Supernatant from excised noses was plated on TSA plus 7.5% NaCl in the presence or absence of lysostaphin (1 g/ml). This concentration of lysostaphin inhibited growth of S. aureus but not naturally occurring CoNS from cotton rat noses (data not shown). Nasal colonization by instilled MSSA was determined as the CFU on TSA-7.5% NaCl in the absence of lysostaphin minus the CFU on TSA-7.5% NaCl in the presence of 1 g of lysostaphin/ml. Any colonies from the noses of animals treated with lysostaphin that grew on agar containing 1 g of lysostaphin/ml were further tested to ensure that they were not the instilled MSSA strain that had converted to lysostaphin resistance (see below). All guidelines of both the U.S. Department of Agriculture and the Biosynexus Inc. Institutional Animal Care and Use Committee were followed during the animal studies described in this paper.
Determination of the duration of antistaphylococcal activity of lysostaphin and nisin creams in the nose. To determine the persistence of the antistaphylococcal activity of lysostaphin and nisin in cream in the nose, naive cotton rats were intranasally instilled with petrolatum-based cream containing either a placebo control, 0.5 (5 mg/ml; actual dose, ϳ150 g) or 0.125% (1.25 mg/ml; actual dose, ϳ37.5 g) (wt/wt) lysostaphin, or 5% (wt/wt) (50 mg/ml; actual dose, ϳ1,500 g) nisin. Two to 24 h after instillation of the cream, animals were sacrificed and the noses were surgically removed and placed in 500 l of PBS-0.5% Tween 20 and vortexed well to release the remaining drug. In neutralization experiments, 10 mg of proteinase K/ml was added to the buffer in some samples. S. aureus strain ATCC 49521 (10 3 CFU) or MBT 5040 (10 5 CFU) was incubated with the excised noses in buffer for 30 min and then 100 l of supernatant was plated on TSA-7.5% NaCl in the presence or absence of streptomycin (500 g/ml), as appropriate.
Determination of lysostaphin resistance. Various S. aureus strains, as identified by the BBL Staphyloslide latex test (BD), isolated from cotton rat noses were tested for lysostaphin resistance by one of two methods. The first method was based on the broth microdilution susceptibility testing method (36) . Briefly, the highest concentration of lysostaphin was 0.25 g/ml; serial twofold dilutions resulted in a low concentration of 0.25 ng/ml. Dilutions were performed in cation-adjusted Mueller-Hinton broth supplemented with 2% NaCl and 0.1% bovine serum albumin (10) . Isolates were considered more lysostaphin resistant than the parental strain if the lysostaphin MIC for them increased by more than fourfold (2 dilutions) over that for their parental strain. The second method for determination of lysostaphin resistance was a disk diffusion method. In this method 6-mm-diameter filter paper disks were sterilized and then impregnated with 50 g of lysostaphin in 7 l of PBS. The disks were allowed to air dry and were stored at Ϫ20°C until used. Susceptibility testing was conducted on cationadjusted Mueller-Hinton agar supplemented with 2% NaCl. S. aureus isolates were considered lysostaphin resistant if the diameter of the zone of inhibition was less than 12 mm.
RESULTS
Nasal colonization of cotton rats by S. aureus. To directly compare S. aureus nasal colonization in mice with that in cotton rats, 10 6-week-old females of each species were intranasally instilled with ϳ10 9 CFU of a spontaneously streptomycinresistant S. aureus type 5 strain isolated in vitro. Five days postinstillation, the animals were sacrificed and nasal colonization was determined on TSA plates supplemented with streptomycin. In this experiment, cotton rats had an average nasal colonization of ϳ2,000 CFU/nose (range, 1,400 to 3,000 CFU/nose) while ICR mice had an average of 16 CFU/nose (range, 0 to 40 CFU/nose). This streptomycin-resistant S. aureus strain, however, did not consistently yield high nasal colonization in other experiments (data not shown), so a fresh clinical isolate of MRSA (MBT 5040), which allowed isolation on nafcillin-or streptomycin-containing agar, was examined for its capacity to colonize the cotton rat nares. A second experiment involving direct comparison of ICR mice and cotton rats was performed. In this experiment, mice or cotton rats were intranasally instilled with either 5 ϫ 10 8 CFU of MBT 5040 or 5 ϫ 10 7 CFU of S. aureus strain Newman (one of the strains used in the original mouse nasal colonization study [25] ). One week after instillation, the animals were sacrificed and nasal colonization was determined. All five cotton rats were nasally colonized with either MBT 5040 (average of 3,416 CFU/nose; range, 1,980 to 6,730 CFU/nose) or S. aureus Newman (average of 4,021 CFU/nose; range, 1,605 to 7,872 CFU/ nose). All five mice were also colonized with either MBT 5040 (average of 70 CFU/nose; range, 8 to 194 CFU/nose; Fig. 1 ) or S. aureus Newman (average of 920 CFU/nose; range, 256 to 1,356 CFU/nose), but at lower levels. These results and our observations over many experiments conducted initially with mice and then cotton rats indicated that cotton rat nasal col- 9 CFU of S. aureus MBT 5040, animals were sacrificed and nasal colonization was determined. ࡗ, number of CFU recovered from the noses of individual cotton rats (the solid diamond below the line at 1 CFU represents a cotton rat that was not nasally colonized with S. aureus on the day of sacrifice); ϩ, mean colonization for cotton rats for each time point; E (day 7), numbers of CFU recovered from the noses of individual ICR mice; solid bar, mean colonization for ICR mice.
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on September 7, 2017 by guest http://aac.asm.org/ onization was more consistent and was at a higher level than mouse nasal colonization (data not shown); because of this, cotton rats were chosen for the experiments described below. Unlike the mouse nares (25), the normal, untreated cotton rat nares can demonstrate significant natural bacterial colonization by many types of bacteria. These bacteria included several species of CoNS and a number other unidentified grampositive and gram-negative bacteria. The use of TSA supplemented with 7.5% NaCl inhibited the growth of most of the nonstaphylococcal flora of the cotton rat nares; however, the native CoNS of the cotton rat nares were able to grow on this media. These CoNS belong to numerous species and included a fairly prevalent strain of S. xylosus (as identified by the API STAPH identification system), which appeared weakly positive on the Staphyloslide latex test. Occasionally there were even a few native S. aureus colonies found in cotton rat noses. To enumerate the specific S. aureus strain instilled in each experiment, TSA-7.5% NaCl was usually supplemented with an antibiotic (streptomycin or nafcillin) based on the antibiotic resistance of the instilled S. aureus strain. Since MBT 5040 yielded persistent high-level nasal colonization (Fig. 1) and is methicillin and streptomycin resistant, many of the further experiments were performed with this strain.
Heavily anesthetized cotton rats retain a strong reflex nasal expiration response when drops of liquid are applied to their noses. To ensure consistent nasal colonization in cotton rats, a high titer of S. aureus (ϳ10 9 CFU) was routinely instilled in each animal so that, even if a significant fraction of the initial volume was forcefully expelled, nasal colonization was consistently achieved by the remaining volume. Figure 1 shows that, while there was some variability in the level of nasal colonization in cotton rats, the average colonization ranged between 10 3 and 10 4 CFU per nose on the day of sacrifice and didn't exceed 10 4 CFU/nose as early as day 4 even if 10 9 CFU of S. aureus were initially instilled.
When cotton rats were intranasally instilled with 10 9 CFU of MBT 5040, virtually all of animals became nasally colonized with the bacteria. Untreated animals sacrificed 4 to 42 days postinstillation exhibited Ͼ98% S. aureus nasal colonization, ranging between 40 and ϳ10,000 CFU/nose (Fig. 1) . Only one animal, on day 21, was not nasally colonized on the day of sacrifice. Nasal colonization experiments were also conducted with another species of cotton rat (Sigmodon fulviventer), but this species did not demonstrate the consistent high-level nasal colonization by S. aureus found in Sigmodon hispidus (data not shown).
Lysostaphin delivered in PBS did not eradicate nasal colonization by MBT 5040 in all animals. In experiments conducted 30 years ago, lysostaphin was administered in saline in order to reduce or clear nasal colonization by S. aureus in humans (21, 32, 42) and eradication was incomplete. To reproduce these findings in an animal model, cotton rats were instilled with ϳ10 9 CFU of S. aureus MBT 5040. On days 4 and 5 after bacterial instillation, 110 g of lysostaphin was administered to each cotton rat in 10 l of PBS in a dropwise fashion once a day for the 2 days. This treatment eradicated nasal colonization by S. aureus in three of nine cotton rats treated in two separate experiments ( Table 2 ). The other six cotton rats remained colonized after treatment. Administration of PBS alone had no effect on nasal colonization by S. aureus (data not shown).
A single treatment of 0.5% lysostaphin in cream eradicates nasal colonization by MBT 5040. On the assumption that increased retention time of lysostaphin in the nares should improve its effectiveness, the enzyme was formulated in a petrolatum-based cream at 0.5 and 0.125% (wt/wt). In vitro studies showed that lysostaphin-containing cream had potent antistaphylococcal activity while the cream base itself had only slight antistaphylococcal activity (data not shown). In a series of experiments, cotton rats were instilled with ϳ10 9 CFU of MBT 5040. After 4 to 7 days, animals were treated with either 0.5% (actual dose, ϳ150 g), 0.125% (actual dose, ϳ37.5 g), or 0% (placebo) lysostaphin cream once a day for 1 or 3 days. Twenty-four hours after the final instillation of cream, nasal colonization was determined as described in Materials and Methods. Three doses of 0.5% lysostaphin cream over 3 days eradicated nasal colonization in all animals tested ( Table 2) . More impressively, a single treatment with 0.5% lysostaphin cream eradicated nasal colonization by MBT 5040 in 93% of the cotton rats ( Table 2 ). The five cotton rats that remained nasally colonized after the single treatment with 0.5% lysostaphin cream, no more than one animal per experiment spread over 11 experiments, had very low remaining colonization (mean, 8 CFU/nose). Four animals had Ͻ5 CFU/nose, and one animal had ϳ20 CFU/nose, recovered from their nares. Single or multiple treatment of colonized cotton rat nares with the placebo (cream without lysostaphin) produced only a small reduction of S. aureus nasal colonization in this model (Table 2) . To ensure that these results were not unique to one strain of S. aureus, additional strains were tested in this model. As shown in Table 3 , a single dose of 0.5% lysostaphin cream also eradicated nasal colonization by all S. aureus strains examined. These included two MSSA strains (type 5, ATCC 49521, and type 8, ATCC 12605), a second MRSA strain (MRSA 12/12), and a mupirocin-resistant strain (SA 3865 MupR).
To determine whether nasal colonization by S. aureus might reemerge after discontinuing lysostaphin treatment, three animals nasally colonized with MBT 5040 and treated 5 days after bacterial instillation with a single dose of 0.5% lysostaphin cream were held for 1 week after treatment before nasal colonization was determined. All three animals remained free of S. aureus nasal colonization at this time, which suggested that the clearance of S. aureus nasal colonization was complete and that there was no S. aureus remaining sequestered in the nasal mucosa that could grow and recolonize the nares. This result also suggested that the eradication of S. aureus occurred in the nose of the living animal and not in buffer since there was no residual lysostaphin found in the nose 7 days after instillation (data not shown) that could affect S. aureus ex vivo.
A lower-concentration lysostaphin cream (0.125%) was not as effective for clearance of nasal colonization by S. aureus. Three doses of 0.125% cream eradicated S. aureus nasal colonization in 55% of animals tested (Table 2) , while a single dose of 0.125% lysostaphin cream eradicated nasal colonization by S. aureus in only 2 of 10 animals ( Table 2) .
A single dose of 0.5% lysostaphin cream is more effective than a single dose of 2% mupirocin ointment. To directly compare 0.5% lysostaphin cream with 2% mupirocin ointment (Bactroban Nasal; actual dose, ϳ600 g), groups of five nasally colonized cotton rats were treated with one dose per day of either treatment over 3 days. Three days of either treatment eradicated S. aureus nasal colonization in all five cotton rats (Table 4) . However, when nasally colonized cotton rats were treated with either a single application of 0.5% lysostaphin cream or 2% mupirocin ointment, S. aureus nasal colonization was eradicated only in the group of five animals treated with 0.5% lysostaphin cream. A single application of 2% mupirocin ointment eradicated nasal colonization in only two of five cotton rats (Table 4) , leaving low-level colonization in the other three animals.
Intranasal lysostaphin-resistant colonies were not found. Lysostaphin resistance in S. aureus can occur both in vitro (14, 16, 47, 48) and in vivo (10) . To determine whether lysostaphin resistance could emerge in the nares of cotton rats treated with lysostaphin cream, 91 S. aureus colonies isolated from 22 cotton rat noses treated with either 0.5 or 0.125% lysostaphin cream were tested for resistance to lysostaphin by either the MIC or the disk diffusion method. In these assays, none of the 91 MBT 5040 isolates from noses treated with lysostaphin cream (0.5 or 0.125%) was found to be lysostaphin resistant. The MICs for the isolated colonies matched those for the parental strains, or the zone of inhibition in a disk diffusion assay was Ͼ12 mm (data not shown). This finding suggested that perhaps mutations that lead to lysostaphin resistance in S. aureus adversely affect the bacterium's capacity to colonize the nares. To test this theory, a lysostaphin-resistant variant of MBT 5040 (MBT 5040 LysoR; MIC, Ͼ32 g/ml) that was isolated in vitro was instilled in cotton rat nares at ϳ10 9 CFU. Only one of five cotton rats instilled with MBT 5040 LysoR became colonized with this lysostaphin-resistant variant, and this animal only had 200 CFU recovered from its nose on day 7 compared to an average of ϳ5,000 CFU recovered from the noses of animals instilled with wild-type MBT 5040 in the same experiment.
To further explore the relationship between lysostaphin resistance and nasal colonization, treatment of S. aureus strain MRSA 12/12 nasal colonization with a single dose of 0.5% lysostaphin cream was also examined. MRSA 12/12 colonized the cotton rat nares (Table 3) , and a single treatment of 0.5% lysostaphin cream also eradicated nasal colonization by this strain. Nasal supernatant from treated animals was plated on both TSA-NaCl plus nafcillin and TSA-NaCl alone because, when MRSA becomes lysostaphin resistant, it reverts to a methicillin sensitive phenotype (9) . Forty-three colonies that grew on TSA without the antibiotic were examined for identity, and none were found to be S. aureus by the Staphyloslide latex test, i.e., no lysostaphin-resistant S. aureus MRSA 12/12 was recovered from the noses of S. aureus-instilled animals treated with a single dose of 0.5% lysostaphin cream or from the nose of any animal treated with lysostaphin cream regardless of which strain of S. aureus was instilled ( Table 3) .
The antistaphylococcal activity of intranasal lysostaphin instilled in cream was retained for at least 24 h postinstillation.
To determine whether the cotton rat nasal colonization model could discriminate between the in vivo activity of antibacterials that showed significant antistaphylococcal activity in vitro, experiments with naive cotton rats were performed. As shown in Table 5 , the antistaphylococcal activity of lysostaphin formulated in a petrolatum-based cream was retained intranasally for at least 24 h postinstillation. When cotton rats were instilled with 0.5% lysostaphin in cream and the noses were surgically removed 4 or 24 h postinstillation, there was sufficient residual lysostaphin activity to eliminate 10 3 CFU of S. aureus ex vivo. The 0.125% lysostaphin cream reduced the S. aureus by 87% 4 h postinstillation, while the placebo cream resulted in only a small reduction, 4 or 24 h postinstillation, in the number of exogenously added S. aureus CFU recovered from the excised noses.
Neutralization of residual lysostaphin activity. Since sufficient antistaphylococcal activity of lysostaphin formulated in cream to eliminate 10 3 S. aureus CFU was retained for at least 24 h postinstillation (Table 5 ) and since 10 g of lysostaphin (ϳ7% of the original dose of lysostaphin instilled intranasally) will eliminate 10 5 S. aureus CFU within 20 min (0 CFU recovered after treatment with lysostaphin in buffer versus 10 5 CFU recovered after treatment with buffer only [control] [averages of three samples]), it was necessary to identify a neutralizing substance for lysostaphin which would effectively eliminate lysostaphin activity in excised noses but not impair the viability or growth of residual S. aureus in the nose. A number of potential neutralizers were tested, including 0.5 M EDTA buffer, pH 3.6, 10 mg of trypsin/ml, various protease inhibitors, and excess quantities of heat-killed S. aureus; none of these significantly inhibited lysostaphin activity in vitro (data not shown). Proteinase K at 10 mg/ml, however, rapidly neutralizes lysostaphin but does not affect the viability of S. aureus (10 5 CFU recovered after treatment with proteinase K alone or lysostaphin and proteinase K [average of three samples]). In a follow-up experiment, 0.5% lysostaphin cream was instilled in naive cotton rat noses in an experiment similar to those in Table 5 . Three hours postinstillation the animals were sacrificed and the excised noses were placed in 500 l of PBSTween with or without proteinase K at 10 mg/ml. S. aureus strain MBT 5040 (10 5 CFU) was immediately added to the excised noses, which were vortexed and incubated for 30 min. A volume of the supernatant was plated for enumeration. The residual lysostaphin in sample noses at 3 h, when placed in PBS-Tween without proteinase K, greatly reduced the viable S. aureus in the samples (52 CFU recovered versus 10 5 CFU recovered for the control [averages of two samples]). The presence of 10 mg of proteinase K/ml neutralized all residual lysostaphin in the noses at 3 h, i.e., there was no reduction in the number of S. aureus CFU recovered from samples when the noses were placed in PBS-Tween containing 10 mg of proteinase K/ml (10 5 CFU recovered [average of two samples]). To confirm that the nasal clearance consistently seen with a single dose of 0.5% lysostaphin cream (Table 2 ) occurs in the nose and not in buffer after excision of the nose by lysostaphin carryover, two groups of cotton rats nasally colonized with MBT 5040 were treated with a single application of 0.5% lysostaphin cream. Four hours posttreatment, the animals were sacrificed and the noses were excised. One group of noses was vortexed in PBS-Tween while the other group of noses was vortexed in PBS-Tween containing 10 mg of proteinase K/ml. Upon plating the supernatants from these excised noses, it was determined that all treated cotton rats were clear of S. aureus at 4 h posttreatment in the presence or absence of proteinase K (four of four and five of five, respectively) ( Table 6 ). This finding demonstrated that lysostaphin eradication of S. aureus colonization in cotton rat noses occurred within 4 h in the nose and not ex vivo by lysostaphin carryover following excision of the nose.
Nisin cream did not reduce S. aureus nasal colonization. The lantibiotic peptide nisin has potent in vitro antistaphylococcal activity both in buffer (23) and in cream (data not shown). Nisin at 50 g/ml (ϳ3% of the dose instilled intranasally) was bactericidal for 10 5 S. aureus CFU within 1 h. To determine whether nisin would be as effective as lysostaphin in vivo, cotton rats nasally colonized with S. aureus MBT 5040 were treated with 0.5 or 5% nisin cream once a day for 3 days. S. aureus nasal colonization was not reduced in any of these cotton rats, even though the identical cream preparations of nisin had potent antistaphylococcal activity in vitro (data not shown). Five of five animals treated with either 0.5 or 5% (actual doses, ϳ150 and 1,500 g, respectively) nisin cream were still colonized after three treatments; mean levels of colonization were 5,003 and 4,310 CFU/nose, respectively, compared to 4,264 CFU/nose in control animals. The ineffectiveness of nisin cream for clearance of S. aureus nasal carriage was supported by the observation that naive cotton rat noses instilled with 5% nisin cream (actual dose, ϳ1,500 g) retained little antistaphylococcal activity ex vivo, even at 2 h postinstillation, while, as mentioned above, those noses instilled with lysostaphin cream retained potent antistaphylococcal activity for 24 h postinstillation (Table 5 ). There was also no residual antistaphylococcal activity in cotton rat noses instilled with 5% nisin cream 4 or 24 h prior to sacrifice (data not shown).
DISCUSSION
The ability to rapidly clear S. aureus nasal colonization may have a dramatic impact on the prevention of life-threatening S. aureus infections and on the spread of drug-resistant S. aureus in hospitals and in the community. Testing antistaphylococcal therapeutics for this application requires a suitable animal model. The mouse nasal colonization model (25) did not provide consistent and reproducible levels of colonization, which led us to explore other animal models. The cotton rat (Sigmodon hispidus) is a well-documented model for infection by a number of human respiratory pathogens (41) , suggesting that this animal's respiratory tract is similar to that of humans. In this study we found that the cotton rat provides a reliable and robust animal model to study S. aureus nasal colonization. High-level colonization persisted for up to 6 weeks and does not seem to adversely affect the animals, i.e., there was no evidence of associated pneumonia or cutaneous infection. Additionally, as is the case for humans, eradication of nasal colonization in this animal model required multiple applications of mupirocin over 3 days in sharp contrast to lysostaphin, which eradicated nasal colonization in a single application (Table 3).
The true strength of the cotton rat nasal colonization model was highlighted by its discriminatory ability, in that eradication of nasal colonization could be induced by some, but not all, antistaphylococcal drugs. Nisin, a lantibiotic with potent and rapid antistaphylococcal activity (23) , formulated in a petrolatum-based cream, retained comparable antistaphylococcal activity in vitro (data not shown). However, 5% nisin in cream (actual dose, ϳ1,500 g) had no effect on S. aureus nasal colonization in the cotton rat model. Further investigation determined that no antistaphylococcal activity was detectable in cotton rat noses within 2 h of instillation of 5% nisin cream (Table 5) . S. aureus colonizing the nares does, however, remain susceptible to nisin (data not shown). These data suggest that nisin is either rapidly inactivated or absorbed in the cotton rat nares.
Bactroban Nasal (2% mupirocin ointment), a topical antimicrobial that competitively inhibits bacterial isoleucyl-tRNA synthesis and thus interferes with protein synthesis (35) , is the current standard of care for elimination of S. aureus nasal colonization (15, 27, 31, 46) . S. aureus has repeatedly demonstrated its resourcefulness for developing resistance to antibiotics, and, indeed, mupirocin resistance has emerged (8, 11, 13, 29, 30, 50) . This resistance is associated with prolonged topical and intranasal use (3, 24) . It has been suggested that intranasal application of mupirocin ointment leads to low concentrations of the antibiotic in the pharynx that may contribute to selection of mupirocin resistance (50) . Low-to intermediate-level mupirocin resistance (MIC of 8 to 256 g/ml) occurs when there are mutations around the Rossman fold of the isoleucyl-tRNA synthetase that may prevent the competitive binding of mupirocin to the target enzyme (2) . High-level mupirocin resistance (MIC of Ͼ512 g/ml) occurs through the acquisition of a conjugative plasmid (20, 34) that carries the mupA gene, which encodes a novel isoleucyl-tRNA synthetase that is not affected by mupirocin.
Lysostaphin is an alternative to mupirocin for eradication of S. aureus nasal colonization. A single dose of lysostaphin (formulated at 0.5%, 5 mg/ml, in a petrolatum-based cream) eradicates MSSA, MRSA, and mupirocin-resistant S. aureus from the cotton rat nares, some within 4 h of application, while three doses of mupirocin ointment over 3 days are required for eradication of MRSA in the same model ( Table 4 ). The potency of the lysostaphin formulation was also persistent in the nares and maintained its antistaphylococcal activity for at least 24 h after instillation ( Table 5 ), suggesting that lysostaphin cream may also prevent subsequent S. aureus nasal colonization. Lysostaphin cream could therefore be instilled in the nares of an uncolonized patient upon admission to a health care setting and protect the patient from nasal colonization for at least 24 h.
Given the persistence of intranasal lysostaphin formulated in cream, however, there was the possibility that S. aureus colonizing the cotton rat nares was not eliminated by lysostaphin in the nose but was instead killed ex vivo by residual lysostaphin found in the nares and then released into buffer at the time of sacrifice. Experiments using proteinase K (see Results; Table  6 ) to neutralize residual lysostaphin found in the cotton rat noses at the time of sacrifice demonstrated that 0.5% lysostaphin cream eradicated S. aureus nasal colonization within 4 h after application in the noses of living animals and not in the buffer ex vivo.
Lysostaphin-resistant S. aureus has been isolated both in vitro and in vivo (9, 10) , and the most common mechanism of resistance to lysostaphin involves mutations that affect femA or femB, the genes responsible for addition of the second and third or fourth and fifth glycines to the pentaglycine cross bridge, respectively. These mutations result in monoglycine or triglycine cross bridges and render the S. aureus more resistant to lysostaphin (16, 47) . A second less likely mechanism could involve acquisition of the gene for the lysostaphin immunity factor (lif), which is found on the pACK1 plasmid, which also encodes lysostaphin in S. simulans biovar staphylolyticus (48) . This factor is also called the endopeptidase resistance gene (epr) (14) and produces the substitution of serines for glycines in the pentaglycine cross bridges when introduced into S. aureus on a shuttle vector. These serine substitutions render the recipient strain more resistant to lysostaphin. It has recently been shown that either of these mutations in S. aureus is incompatible with resistance to ␤-lactam antibiotics (9), even if the strain is initially an MRSA. Thus, MRSA that acquires resistance to lysostaphin becomes susceptible to ␤-lactams.
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on September 7, 2017 by guest http://aac.asm.org/ Surprisingly, lysostaphin-resistant S. aureus has never been isolated from the nares of colonized cotton rats treated with lysostaphin, despite the fact that a number of different S. aureus strains (Table 1) were used in these experiments. A single treatment of 0.5% lysostaphin cream eradicated nasal colonization by all of these strains and did not lead to the emergence of lysostaphin resistance from any of them. Conditions where selection of lysostaphin resistance in the animal model might be expected were also examined. These conditions included several experiments performed with MBT 5040 at suberadication concentrations (0.125%) of lysostaphin and with careful screening of any surviving colonies for identity and resistance to lysostaphin. No lysostaphin resistance was found even under these conditions. There are several possible explanations for this observation. The first may be found in the results of the experiment in which a lysostaphin-resistant variant of MBT 5040 (MBT 5040 LysoR), isolated in vitro, did not colonize the cotton rat nares well. Only one of five animals became nasally colonized with low numbers of lysostaphin-resistant MBT 5040 (4% of the colonization level seen for wild-type MBT 5040). This suggests that the mutations that render MBT 5040, and perhaps other S. aureus strains, lysostaphin resistant adversely affect their capacity to colonize the nares. Second, colonization data over time (Fig. 1) suggest that S. aureus colonizing the cotton rat nares is not rapidly dividing, and thus the opportunity for selection of lysostaphin resistance is low. Third, the petrolatum cream base may have some low-level antistaphylococcal activity of its own (Table 2) , and this cream base may exert negative pressure on lysostaphin-resistant S. aureus. These observations suggest that the probability of lysostaphinresistant clones of S. aureus emerging following the intranasal use of lysostaphin may be low.
In summary, the cotton rat nasal colonization model has proven to be a valuable tool for study of nasal colonization by S. aureus, and using this model we have demonstrated that lysostaphin in a cream base may be a superior alternative to mupirocin ointment for the eradication of S. aureus nasal colonization. Clinical trials using this product have begun, with the anticipation that lysostaphin cream for rapid eradication of S. aureus nasal colonization will be a valuable tool for both prevention of nosocomial S. aureus infections and control of community spread of multidrug-resistant S. aureus.
